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Cells of the cyanobacterium Synechococcus 6301 were grown in the presence of 3ZP-orthophosphate under light 
absorbed preferentially by Photosystem i (PS 1 light), or by Photosystem I1 (PS 11 light). The acclimation of cells to 
these light regimes resulted in a higher phycobilisome-PS l l / P S  1 ratio under PS 1 light than under PS 11 light. Under 
steady-state cell growth, the in vivo phosphorylation of four distinct polypeptides (20, 19, 15 and 13 kDa) was observed. 
In the membrane fraction, a 15 kDa protein was phosphorylated more under PS II light than under PS i light. In the 
soluble fraction, a 13 kDa protein was phosphorylated exclusively under PS II light. In the phycobilisome fraction, a 19 
kDa protein was phosphorylated more under PS 11 light. The possible role of differential protein phosphorylation in the 
chromatic acclimation (photosystem stoichiometry adjustment) of cells is discussed. 

Introduction 

There is a wide variation in photosystem stoichiom- 
etry (PS I I / P S  I ratio) among different photosynthetic 
organisms [1]. In sun-adapted higher plant chloroplasts, 
such as those of pea or spinach, the PS I I / P S  I ratio is 
1.8 [2,3]. In cyanobacteria,  however, the PS I I / P S  I 
ratio is usually much lower, a typical value being 0.5 
[1,4,5]: furthermore the chlorophyll a antenna in each 
P S I  centre is about  3.5 times the size of that in each PS 
II centre. This imbalance in chlorophyll light-harvesting 
capacity between the two photosystems is corrected by 
the association of PS II with the phycobilisome. The 
phycobil isome (PBS) is a large, extrinsic, pigment-pro-  
tein complex which contains 350-400 light-harvesting 
phycobilin chromophores  [6,7]. 

The PS I I / P S  I ratio in both cyanobacter ia  and 
higher plants is not fixed; it can be adjusted to optimise 
the efficiency of photosynthesis in response to different 
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growth conditions. Several investigators have reported 
that prolonged exposure to either PS I or PS II light 
causes a substantial long-term change in the PS I I / P S  I 
ratio which, in cyanobacteria,  can be measured most 
easily as a change in the relative content  of phycobilins 
and chlorophyll [5,8,9]. Cells grown in yellow light, 
which preferentially excites the PBS-PS II complex, 
develop a low phycobi l in /ch lorophyl l  ratio. Cells grown 
in red light, which preferentially excites PS I, develop a 
high phycobi l in /ch lorophyl l  ratio. These studies indi- 
cated that cyanobacteria,  much like higher plant chloro- 
plasts, possess a feedback control mechanism which 
enables them to regulate the syn thes i s / a s sembly  of 
PBS-PS II and PS I complexes in order to balance the 
utilisation of excitation energy by the two photoreac- 
tions. It was reported [5,8,9] that the observed changes 
in PS stoichiometry were sufficient to equalise the over- 
all absorption of light of  PS II  and P S I  except in the 
case of Synechococcus 6301 grown under phycobil isome 
excitation [8]. 

The phosphorylat ion properties of a 15 kDa  protein 
in the membrane  fraction and of an 18.5 kDa  protein in 
the phycobil isome fraction of Synechococcus 6301 were 
reported [10-12]. Here we report  on the steady-state 
phosphorylat ion of these proteins in vivo after long-term 
acclimation of cells to PS I or PS II light. We also 
report on a novel phosphoprotein,  of about  13 kDa,  
whose in vivo phosphoryla t ion is dependent  on long- 
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term acclimation of the Synechococcus cells to PS II 
light. 

Experimental 

Synechococcus 6301 (UTEX 625) was grown photo- 
autotrophically at 35°C  in medium C of Kratz and 
Myers [13] except that the orthophosphate concentra- 
tion was reduced to 0.4 mM which is 10% of the normal 
concentration (10% Pi medium C). The cultures were 
continuously stirred and bubbled with 5% CO, in 
nitrogen. Illumination was provided either by cool white 
fluorescent lights in combination with a yellow cut-off 
filter (Cinemoid Orange 5, Strand Lighting, Isleworth, 
London, U.K.) which preferentially excites phycobili- 
some pigments (PS II light) or by tungsten filament 
bulbs in combination with a far-red cut-off filter (Chro- 
moid Ruby 114, Strand Lighting) which preferentially 
excites chlorophyll a (PS I light). The intensities of the 
two lights were adjusted to give about equal rates of cell 
growth in the two cultures. 

Synechococcus 6301 cells were grown under P S I  and 
PS II light for several days until the light acclimation, as 
judged by changes in the absorption spectra of the cells, 
was complete. During the acclimation, cells were main- 
tained in early to mid-log phase by dilution with fresh 
10% Pi medium C. Cells from 200 ml of mid-log phase 
culture were harvested by centrifugation unSer sterile 
conditions and resuspended in 400 ml of orthophos- 
phate-free medium C (Pi-free medium C). The PS I- and 
PS II light cultures were adjusted, by the addition of 
P~-free medium C, to equal cell density estimated by 
light scattering at 750 nm, 32P-orthophosphate was then 
added to give 5 /xCi/ml and the cells were grown 
overnight (approx. 20 h). 

Sphaeroplasts were prepared as in Ref. 11 except that 
the cells were resuspended in 40 ml lysozyme buffer 
with lysozyme at 10 mg.  ml -I  and incubated for 30 
min. During the lysozyme treatment the samples were 
illuminated with P S I  or PS II light as appropriate, 1 ml 
aliquots of the spheroplasts were lysed, as in Ref. 11, to 
give the membrane and soluble fractions from which the 
proteins were immediately precipitated by the addition 
of trichloroacetic acid (TCA) to 5%. The remaining 
spheroplasts were harvested by centrifugation (10000 × 
g for 10 min) then lysed by homogenisation in 1 M 
N a / K P O 4  buffer (pH 7.5) [14] with 1% (v /v)  Triton 
X-100. Intact phycobilisomes were isolated as in Ref. 14 
except that lysis of the spheroplasts replaced breaking 
the cells in the French press. The intact phycobilisome 
preparation was separated from Triton-solubilised chlo- 
rophyll by passing the sample through a small hydroxyl- 
apatite column (1 × 2  cm) equilibrated with 10% 
glycerol, 0.6 M N a 2 H P O  4 (pH 7.0). The phycobi- 
liproteins were precipitated by the addition of TCA to 
5%. 
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Fig. 1. (a) The emission spectra of the light sources designed to excite 
preferentially the phycobil isome (PS II light) or chlorophyll ( P S I  
light). The t ransmit tance spectra were normalised to 100% at the 
wavelength of max imum emission. (b) Absorbance  spectra of S.vn- 
echococcus 6301 cells acclimated to PS 1 light or to PS 11 light. The 
absorbance spectra of the two cell types were normalised to the 

chlorophyll max imum (678 nm). 

After TCA precipitation, all samples were extracted 
with 80% acetone to remove lipid then cooled to - 20 o C 
to precipitate protein. The extraction was repeated until 
the 80% acetone extract was clear; at least three changes 
of 80% acetone were used for the membrane fraction 
samples. Samples were solubilised with SDS, treated 
with RNase and run on SDS-PAGE as in Ref. 11. 
Phosphorylated polypeptides were detected by auto- 
radiography using Amersham Hyperfilm MP. 

All reagents were Analar or equivalent. Enzymes 
were from Sigma and radioisotopes were from New 
England Nuclear. 

Results 

Fig. la  shows the emission profiles of the broad band 
yellow and red lights designed to excite preferentially 
either the phycobilisome (PS II light) or chlorophyll (PS 
I light). The absorbance spectra of Synechococcus cells 
grown under PS 1 and PS II light are shown in Fig. lb.  
The P S I  light grown cells have a much higher ratio of 
absorbance at 625 nm to absorbance at 678 nm 
(A625/A678) than the PS II light grown cells; the 
A625/A678 is typically approx. 2.2 for P S I  light grown 
cells and approx. 1.3 for PS II light grown cells. The 
h i g h e r  A 6 2 5 / A 6 7 8  in cells grown under P S I  light reflects 
a higher phycobilin to chlorophyll ratio. This increase in 
the proportion of phycobilins is due to an increase in 
the number of PBS-PS II complexes as compared to PS 
I complexes rather than an increase in the rod-size of 
individual phycobilisomes [5,8,15]. 

We have examined the phosphorylat ion state of poly- 
peptides from PS I and PS-I1 light grown cells of 
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Synechococcus 6301. We have used SDS-PAGE and 
autoradiography to indicate the extent of phosphoryla- 
tion of polypeptides from membrane, soluble and intact 
phycobilisome fractions of the cells. The membrane 
fraction was pelleted by centrifugation after osmotic 
lysis of spheroplasts. Tracks from SDS-PAGE of pro- 
teins from the membrane fraction of Synechococcus 
6301 cells acclimated to P S I  light or PS II light are 
shown in Fig. 2a; Fig. 2b shows the autoradiograph of 
Fig. 2a. Four phosphorylated polypeptides can be seen: 
two major phosphorylated polypeptides at about 20 and 
15 kDa (judged by comparison with known molecular 
weights of the marker proteins) and two minor ones at 
about 19 and 13 kDa. Both the 15 kDa and the 20 kDa 
polypeptides show greater 32P-incorporation in cells 
grown in PS II light compared to PS I light grown cells; 
however, the difference in 32p-incorporation into the 15 
kDa polypeptide between the two cell types is slightl3~ 
more marked. Of the two minor phosphopolypeptides 
that at 19 kDa also shows greater 32P-incorporation in 
PS II light cells and the 13 kDa polypeptide appears to 
be phosphorylated exclusively in the PS II light grown 
cells. 

The membrane fraction shown in Fig. 2 does not 
contain a significant proportion of the phycobi- 
liproteins, which dissociate from the membranes on 
osmotic lysis of the spheroplasts. On centrifugation of 
the lysed spheroplasts the phycobiliproteins appear in 
the supernatant which forms the soluble fraction of the 
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Fig. 2. Membrane  fraction proteins of Synechococcus 6301 cells 
acclimated to either PS I-light or  PS ll-light. (a) SDS-PAGE tracks 
loaded on the basis of  equal cell density. Tracks labelled M are 
molecular-mass  markers: the molecular mass  of the markers in kDa is 
shown alongside the gel. (b) Autoradiograph of the SDS-PAGE tracks 
shown in (a). The est imated molecular masses of  the phosphorylated 

polypeptides in kDa  are shown alongside the autoradiograph.  

a .  
kDa kDa k ! kDa 

2'5 - - ~  

~ 1 3  

! 

M.,..-J/,,I t,~t-.-... M 
PSI  PSII  PS I PS II 
light light light light 

Fig. 3. Soluble fraction proteins of  Synechococcus 6301 cells acclimated 
to either PS 1 light or  PS lI light. (a) SDS-PAGE tracks loaded on the 
basis of  equal cell density. Tracks labelled M are molecular-mass  
markers:molecular  mass  of  the markers  in kDa is shown alongside the 
gel. (b) Autoradiograph of the SDS-PAGE tracks shown in (a). The  
est imated molecular masses  of  the phosphorylated polypeptides in 

kDa are shown alongside the autoradiograph.  

cells. Fig. 3 shows SDS-PAGE (Fig. 3a) and autoradio- 
graphy (Fig. 3b) of the proteins from the soluble frac- 
tion of Synechococcus 6301 cells acclimated to PS I or 
PS II light. The two minor phosphorylated polypeptides 
(19 and 13 kDa) of the membrane fraction are seen to 
be the major phosphorylated components of the soluble 
fraction (Fig. 3b). As in the membrane fraction (Fig. 2), 
the 13 kDa polypeptide in the soluble fraction is phos- 
phorylated only in cells grown under PS II light (Fig. 3). 
However, unlike in the membrane fraction (Fig. 2), the 
19 kDa polypeptide is seen to be phosphorylated in the 
soluble fraction of cells grown both under P S I  and 
under PS II light (Fig. 3). Furthermore, there is a 
greater 32p-incorporation into the 19 kDa polypeptide 
in the soluble fraction of P S I  light cells (Fig. 3). 

Although the phycobiliproteins are the principal pro- 
tein component in the soluble fraction it also contains 
proteins which are not associated with the phycobili- 
somes. To identify which, if either, of the phospho- 
rylated polypeptides seen in the soluble fraction is 
associated with the phycobilisomes, we isolated an in- 
tact phycobilisome fraction from the cells. Tracks from 
SDS-PAGE of proteins from the intact phycobilisome 
fraction of Synechococcus 6301 cells grown under PS I 
or PS II light are shown in Fig. 4a and the autoradio- 
graph of these tracks shown in Fig. 4b. Only one 
polypeptide, of about 19 kDa, is phosphorylated in the 
intact phycobilisome fraction and the 32p-incorporation 
into this polypeptide is greater in phycobilisomes from 
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Fig. 4. Intact phycobil isome fraction proteins of  Synechococcus 6301 
cells acclimated to either PS 1 light or PS !1 light. (a) SDS-PAGE 
tracks loaded on the basis of  equal phycobilin concentration.  Tracks 
labelled M are molecular-mass markers: the molecular mass  of the 
markers in kDa is shown alongside the gel. (b) Autoradiograph of the 
SDS-PAGE tracks shown in (a). The estimated molecular mass  of the 
phosphorylated polypeptide in kDa is shown alongside the autoradio- 

graph. 

PS II-light grown cells than in those from PS I-light 
grown cells. 

Discussion 

The results from SDS-PAGE and autoradiography 
presented in this work reveal the steady-state phospho- 
rylation pattern of several polypeptides in Synechococ- 
cus 6301 acclimated to PS I or PS II light. In the 
membrane fraction there are distinct phosphoproteins 
of 20 and 15 kDa. Of the two, the 15 kDa polypeptide 
appears to be phosphorylated to a greater extent in cells 
grown under PS II light conditions than in cells grown 
under P S I  light conditions. The presence of small 
amounts of the 19 kDa and 13 kDa phosphoproteins in 
the membrane fraction (Fig. 2) may suggest either that 
these polypeptides are loosely bound membrane pro- 
teins that become dissociated upon lysis of the 
spheroplasts, or that they represent a minor contamina- 
tion of the membrane fraction with soluble protein. The 
principal protein components  of the soluble phase, the 
phycobiliproteins, are loosely bound to the membranes 
and dissociate upon lysis of the cells. 

In the soluble fraction, distinct phosphoproteins of 
19 and 13 kDa are differentially phosphorylated under 
PS I light and PS II light conditions. The 19 kDa 
polypeptide (probably a constituent of the PBS) appears 
to contain more label in the P S I  light grown cells. This 
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result could arise because the tracks on the gel of the 
soluble fraction (Fig. 3a) are loaded on the basis of 
equal cell density. PS I light grown cells have a much 
greater number of phycobilisomes per cell than those 
grown in PS II light [5,8,15]. Since phycobiliproteins are 
the major component  of the soluble fraction, the results 
could suggest a greater PBS loading rather than a 
greater 32p-incorporation into the 19 kDa polypeptide 
in P S I  light cells. In intact phycobilisomes (loaded on 
the basis of equal phycobiliprotein concentration in Fig. 
4), the 19 kDa polypeptide shows greater labelling in PS 
II light grown cells, suggesting a greater 32p-incorpora- 
tion into this polypeptide. The apparent  increase in 
phosphorylation of the 19 kDa polypeptide in the solu- 
ble fraction of PS I light grown cells is perhaps greater 
than would be expected from the compensating effects 
of increased 3Zp-incorporation into the 19 kDa poly- 
peptide in PS II light grown cells and increased 
phycobiliprotein concentration in the soluble fraction of 
P S I  light grown cells. Furthermore,  if the apparent  
increase in phosphorylation of the 19 kDa polypeptide 
seen in the soluble fraction of PS I light grown cells 
were only due to the increased phycobilisome content  of 
these cells, then a similar apparent  increase should be 
seen in the 19 kDa polypeptide in the membrane frac- 
tion. As can be seen from Fig. 2 this is ot the case. The 
increase in the phosphorylated 19 kDa polypeptide seen 
in the soluble fraction of P S I  light grown cells could be 
enhanced by some difference, between the two cell 
types, in the degree of dissociation of the phycobili- 
somes from the membranes during lysis. 

The 13 kDa polypeptide of the soluble fraction is 
phosphorylated exclusively in the PS II light grown 
cells. It is clear that this 13 kDa polypeptide is not a 
constituent of the PBS, since it does not appear in the 
intact PBS fraction. The increase in phosphorylat ion of 
this polypeptide in PS II-light grown cells could in 
principle be due either to an increased concentration of 
the polypeptide or to an increase in the specific 32p-in- 
corporation. However, it is clear from the SDS-PAGE 
(Fig. 3) that no significant change in the concentration 
of this polypeptide occurs. 

Earlier work investigated light-induced changes in 
the phosphorylation of Synechococcus 6301 poly- 
peptides in vivo. It was found that phosphorylat ion of a 
membrane-bound 15 kDa polypeptide [10,11], and that 
of an 18.5 kDa protein associated with the PBS [12], 
was enhanced upon illumination with light which ex- 
cited preferentially PS II. These polypeptides were de- 
phosphorylated in PS I light. Such changes in protein 
phosphorylation in vivo were correlated with short-term 
changes in the organizations of the light-harvesting ap- 
paratus in cyanobacteria, known as state transitions 
[16,17]. The results reported here show the same phos- 
phorylation pattern for these two polypeptides after the 
long-term acclimation of cells to P S I  or PS II light. In 
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addi t ion ,  they reveal the presence of a 13 kD a  poly- 
pept ide  which appears  to be phosphory la ted  exclusively 

unde r  long- term PS II light condi t ions .  

The  ident i ty  of the phosphopro te ins  discussed in this 

work is not  yet known.  The differential  phosphory la t ion  

of the 13, 15 and  19 kDa  polypept ides  could be im- 

pl icated in the mechan i sm of state t rans i t ions  [10-12];  

however,  it appears  to be a direct consequence  of cell 

acc l imat ion  to P S I  or PS II light. The  persis tent  dif- 

ference in the phosphory la t ion  level of these poly-  

peptides,  occurr ing even after a long- term exposure of 

cells to P S I  or PS II light, may suggest the invo lvement  

of the prote in  phosphory la t ion  p h e n o m e n o n  in the 

chromat ic  acc l imat ion  of the thylakoid m e m b r a n e  in 

cyanobacter ia .  Since the end result  of this chromat ic  

acc l imat ion  is ad jus tmen t  in photosys tem s toichiometry  

in the thylakoid membrane ,  we propose a role for 

pro te in  phosphory la t ion  in this regulatory process. The  

ident i ty  of the 13 kDa  polypept ide  and  the kinetics of 

its phosphory la t ion  in response to long- term exposure 

of Synechococcus 6301 cells to PS II light are cur rent ly  

unde r  invest igat ion.  
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